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Theoretical Investigatioils of Releases of Lithiuiru

in the Earth's Magnetosphere

Abstract

Physical processes determining the initial ionization of a chemical release cloud are

considered. By analogy with the AMPTE lithium releases, it may be expected that the

CRRES lithium releases will have a diamagnetic phase of a duration of the order of 30

seconds. The current distribution of the diamagnetic currents is determined, and impli-

cations for the generation of current-driven instabilities during the chemical release event

*are discussed.
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Theoretical Investigations of Releases of Lithium in the Earth's Magnetosphere
V.-

I. Introduction

I. A. General Discussion

Since the late 1950's there has been considerable interest in classes of experinents

involving active modification of the plasma and magnetic field environment of near earth

space. One of these experimental techniques involves the use of an energetic chemical

reaction. (i.e. Ba with CuO) to release a large number. - 1025, neutral metal atoms into

space in a negligible time. These metal atoms are subsequently ionized by solar ultraviolet

radiation. or in some instances by the Alfv6n critical velocity effect (Haerendel 1982). As

a significant collection of electrically charged particles. they constitute a perturbation of

the magnetic field and plasma environment in some region of space.

This expanding plasma cloud will displace the ambient plasma and magnetic field.

thus exhibiting a diamagnetic effect which is one of the principal concerns of this study.

This implies the existence of significant surface currents in the release cloud and raises

the possibility of current-driven plasma instabilities in the space surrounding the release

cloud (see e.g. (;urnett et al. 1985). as well as the anomolous transport of particles

by the waves and plasma turbulence generated by these processes (see e.g. Dum 1983).

These and related effects may precipitate particles into the ionosphere. v'hen the chemical

release occurs in the earth's upper ionosphere or magnetosphere (Brice 1970), thus giving

SOlne insight to processes of energetic particle precipitation (luring geomagnetic storms.

Eventually. the density of the chemical release cloud will become sufficiently low that

it can no longer be considered as a coherent collection of plasima particles, and it will

best be described in terms of a collection of single-particle trajectories in the geomiagnetic
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field. If such a chenical release is chemically distinctive, as is a lithium or barium release

is in the geomagnetic environment, it will be useful as a "tracer" of the geomagnetic

field configuration over soeic substantial region and can give significant information on

the topology geomagnetic field lines and their connections to different regions of space

(Chapman and Cowley 1984).
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I. B. Comparison of CRRES High Altitude ('herical Releases with Previous

-,Chemical Release Exp eriments

The overwhelming majority of chriiical release experiments performed to date have

either been conducted at ionospheric altiudes, primarily due to the easy accessibility of

this region with sounding rockets. There have also been a few releases from spacecraft

'* "" in low earth orbit an(l some very well studied releases in the free-streaming solar wind

anti the magnetosheath in the AMPTE study. Most of these releases have involved easily

ionized species such as barium, but a few have been releases of species with much larger

ionization potentials. such as lithium, and also some electron-absorbing substances such

as water.
01

The'ph,, sics of chemical releases at low ionospheric altitudes is often dominated by the

presence of a significant neutral background as well as a strong geomagnetic field. Velocities

of the chemical release material with respect to the ambient medium have ranged from

near zero (as in some sounding rocket releases) to values in excess of 10 kilometers per

second (orbital velocitv in low earth orbit of 8 kilometers per second, and higher velocitiesV'.

produced by haped charges). The ANIPTE releases involved a comparatively low ambient

magnetic field, typical -olar wind fields being - - 5 nanoTesla. andt the ram pressure

("ie the streaming ambient plasma (velocities of hundreds of kilometers per second) the

dominant source of pressure. III addition many interesting physical effects connected with

polarization electric field- were noted ( Haerenidhl. private ('omimunicatio)

The expected pI1yical regimiie of the (RRES releases will be distinct from either of

these previol- lv well-stulied ca,,. The -trrngtli of the geomagnetic field will be of an

Interm(,diate value. - 70 - 100- . It is antic-ipat ed that the releae will be made folloim' a

series of nia gnetic si bstornis. and theref(ore the magnitude of the amlbient pressure will be

comparab le to that encountered in the AM\IPTE releases. However. a significant fractiOn

q'. %RQ,
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of that pressure will be due to nonthernial particles and the anisotropy of th, pressuire

tensor must be considered. The velocity of the chemical release material with respect to

the ambient plasma will be less than 1 kilometer per second, and therefore, it cannot be

expected that polarization electric field effects (arising due to v x B) will be important.

Although the ionization time scales for lithium atouls exposed to solar ultraviolet are

comparatimely long (r : 2800 -ec.). a substantial diamagnetic phase lasting perhaps 30

aseconds wa noted in the AMPTE releases. This implies a substantial ionization during

the early stages of the chemical release. Elementary calculations show that this cannot be

due to any process arising in approximate thermodynamic equilibrium during the chemical

release reaction. A possible explanation is that charged species produced as intermediate

reaction products and in "side-reactions*" are *'quenched" in a thermodynamic nonequilib-

rium state by the rapid expansion of the cloud.

The existence of an initial diamagnetic phase. in addition to its intrinsic interest, will

be of importance for a description of the state of the lithium release as it develops into a

system of independent particles. Also. the short duration of the diamagnetic phase of the

lithium release guarantees that the CRRES spacecraft will be in close proximity to the

boundarv of the cloud at the end of the diamagnetic phase. a tiie of particular theoretical

interest.

W r-
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' I1. Physical Parameters of Magnetospheric Chenical Releases

II. A. Charged Particle and Magnetic Field Environment for CRRES Releases

We shall be principally concerned with the CRRES lithium releases, which are antic-

ipated to occur in the magnetosphere, just interior to the plasinapause, at L 6 at a

,4 time imnediatelv following a magnetospheric substorm. As most well-studied chemical

releases have occured at ionospheric altitudes, where the plasma dynamics are dominated

by the geomagnetic field, or in the magnetosheath or freely streaming solar wind (as in

the AMPTE releases), where the magnetic field is very weak but the ram pressure of the

convecting plasma is important, it is important to carefully consider the magnetic field

and plasma environment in which the CRRES releases will occur.

The geomagnetic field . even at modest L values, can be significantly distorted from a

dipolar configuration. These distortions arise due to the presence of the magnetopause, the

geomagnetic tail, ring currents. and field-aligned currents (McPherron 1979, Lyons. 1979).

* . At geosynchronous distances the field of the earth alone is a)proximately 110-, while the

perturbations may each contribute fields - 10 - 50 -i. depending on the level of geoniagnetic

activity. The geomagnetic fields at the altitude planned for the CRRES release will be

:4 somewhat higher, and some of sources of perturbations will be somewhat less important.

but these values are still indicative of the variability in magnetic field strength that may

be anticipated. It is appropriate that we parametrize the value of the ambient magnetic

field in these calculations -o that we may cover the range of possible values which may

be encountered during the CRRES releases. We shall choose a value of the inperturbed

rmagnetic field of BO = 200-;. that is 2.0 x 10 'gauss or 200 nanoTesla. This is taken to he

the value of the magnetic field unperturbed by the chemical release, this does not represei:t

a value of the magnetic field at L 6 for quiet times. The unperturbed vector magnetic

field is then B0  Boi where ' is a unit vector in the z direction.

4,
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The distribution functions of electrons and protons (and other ions) will be very
anisotropic, described by a pitch angle distribution. Accordingly. tie pressure tensor will

be anisotropic. with important implications for the expansion of the chemical release clou1d.

The energetic particles present here will be the dominant contrib)tors to the pressure (not

including for the ruonient the magnetic stesses of the distorted amibient magnetic field.

which will also be anisotropic). This situation is to be comopare(d with ionospheric cheiii-

ical releases. where the presence of neutral atoms is important or the ANIPTE releases

where the ram pressure of the solar wind was the most dynamically important pressure

term. The magnitude of the pressure in the ANIPTE chemical release and for the CRRES

release, are however comparable in magnitude.

At the altitudes contemplated for the CRRES releases, after a magnetospheric sub-

* storm, energetic electron fluxes of the order of a few x 107electrons/cm 2 .sr .sec in lie
energy range of 50 to 150 keV and fluxes '- 106electrons/cm2 .sr sec in the energy range

of 150 to 500 keV (Pfitzer and Winckler 1969). In addition to the importance of these

* " comparatively energetic particles for their contribution to the plasma pressure. it is appro-

priate to consider their possible contributions to the ionization rate of a chemical release

cloud.

V.
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II. B. Plasma Dianiagnietism in the Exian(ling Chenieal Release Cloud

It can be expected that some analogy between the ANIPTE and CRRES releases is

possible. since the ram pressure of the solar wind in the earth's magnetosheath is coni-

*' parable in magnitude to the total (magnetic field and thermal plasma) pressure in the

plasmasphere following a large niagnetospheric substorm.

Although the time scale for photoionization of lithium is much longer than that of

barium, significant plasma dianiagnetisin was noted for the lithium releases in ANIPTE.

The duration of the diamagnetic phase in the AMPTE lithium releases was comparatively

short, perhaps 10 seconds in all. This suggests that for CRRES all the important physics of

* the (iamagnetic phase of the release will occur in close physical proximity to the spacecraft.

This may have important consequences for using observations from CRRES for detailed

rests of theories of plasma diamagnetism.

The dynamics of the AIPTE releases, particularly the barium releases. highlighted

the importance of the polarization electric fields in understanding the physics of chemical

rIeass. This wa not well understood in theoretical treatments developed prior to the
7fB ': AMPTE releases. Comparatively simple analyses involving single particle trajectories in

the polarization electric fields do much to explain the processes in the ANIPTE releases.

* The role of polarization electric fields in inagnetosphieric lithium releases will require careful

i exarnination.

It was dleteriin( I that the vlocities of the lithium ions and neutrals generated bv the

chemical reactions in the AMPTE lithium release were low by approximately a factor of 0.7

in velocity or a factor of two in energy. It will be important for the CRRES lithium releases

to understand the source of this discrepancy and to properlv determine the appropriate

initial conditions for the ('RR ES lithium rla,-e.
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The basic out line of a theory of the diamiagnetic phase of a cheiiiical release cani be

0112,1 ive10W. This out line will be filled out in gTreater iiiathlat ical (letail anrd a corlJ) iter

-lIiriIat ion of The mnathemlatical m~odlel wvill be const ruct ed. D urinig thle rime iiiniedia tel v

- following the release. -N-rat ions of ions are unimportant comparedl to thle rcclot ron ii0ions01

*of electrons up uint il t itnes of the order of the ion cyclotron period. As, electrons have nall

mass and are easilv accelerated, largec currents may be obtained fromi coiilariit iely iiall

charge densities. This, conis iderationl 's especially iprant for ut hiijum releas es, sirice the

Ionization fraction is comparatively small. essentially the ionizat ion produlced dulrrig thle

chemical reactions of the release. Electron gNvrationus along withI the perpend icuiilar pre!5sliirv

-gradient almost imimediatelv generate a diamagnetic current (sinice the electron timle rcalct

- ~are much less than ion time scales). .Also. there exist cont ribut ions tote 1iligiti

*electron current arising due to the guiding center E x B Motion in the electric field. A

radlial space charge is created by. these electron inotions. This electric fieldl couI)les. To ion1

* iiotion~ ad drags the ions along with the electrons. The miagnetic field linside thev cavity is1

*redulced bv expansion of the diarilaqnetic cavity until pressure balance between the interior

*of The cavity and( the total pressure of the amnbient magnetized plasma is achieved. (Svecral

* ~ ~~~~~~~~ 1;'-mc mie fpr cles, mayw be req uired for this pressure balance To~ I)(, achIi eed.)r

('eX pa; Ion 01 of plasmla a long" the am Welnt maignetic field is limited only hy tiagneiit ic !re

ar-isig dule to tile distort ion of lhe aibietit mnagnet ic field into a nia guet ic mirror- like

conifigiira tionl.

Inforniation is being g-athere1 characterizing in more (let a i thle platsina anrd inigmieti

field enironinit of the plasniasphere atLlv iiiidae followN11 iiiIII(lslci

* su - lb t orii. These are the condhit ions, anitic ipat ed for thle ( R RES releases,,

9'4
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II. C'. Physical Processes Deteruiining tihe loInization of the ('heroical Release
.- .-. (loiud

Typically in chemical release calciilation, the initial ionization of the released material

is assiiined to be zero. However. at these tinie- early ii the r( lease, the it jal temperatires

and densities are sufficient to generate ionization fractiii, of 1) or greater. These valies

-.-i 2 of the ionization fraction will be "'frozen-in" th i it ialdisTriition as the chemical release

." 11(cloud ral)idlv expands so that the recombination rate falls off rapidly. and i)reerve.s a higher

ionization fraction than would be exipeted oil the I)asis of the insta I- aueous teunperature.

. Furthermore. it is possible that side branches in the chemical reactions in the release may

h e a source of charged species as intermediate reaction products left behind as the reaction

* is 'quenclied" by the rapid expansion.

The relevant ionization mechanisms for modeling the ionization of the lithium release

at early times have been identified and will be incorporated into the mathematical models

of the diamagnetic phase of the growth of the chemical release cloud. Computer software

-i2 has been designed and is being implemented for modeling the cloud growth and evolution

-' of the magnetic field geometry during the diamagnetic phase of the chemical release.
Deternination of the initial ionization state of the chemical relea-e requires detailed

- consideration of the source and sink proceses for electrons and ions under the conditions

characteristic of the ruagnetosphere following a magnetic substorni. and of the relevant
4proces's during the chemical release itself. l'suallv, a model is constructed which iivolves

izaes t whon of'nvolsticve"s r

orlv ptlotoionization of atollis balli.-ticalh ° streaming from a small initial voliline with

4roll tailt velocity L . (Dum. 19831

PON
tt'olIhoto) .; Vo(t - r/u•) _ r u,

"47rr 2 1107,

Here 11 1v the electron number density. N0 is the total nimln'r of atoms (typically - 102)

-*.x.. rei'a-,',l diring lie cheonical release evelt. r is lie distmiance from the release ite. and 7,

w e. I
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is the time constant for the ionization of atoijs due to solar ultraviolet radiation. For

barium-, r, is approximately 28 seconds, while for the lithivin releases of primary interest

for tint. research, r, is approximately 3500 seconds.

A numl)er of additional mechanisns require stui(v in order to obtain an accurate de-

-scription of the initial ionization state of the chemical release cloud. These include. but

are limited to:

I Initial production of charged species during the conditions of comparatively high ten-

perature of the chemnical release as well as charged species originating as radicals, or

intermediate reaction products which are "'quenched" from the equilibrium state as the
J

cloud expands.

2) Recombination processes which are of importance before the chemical release cloud

density falls to very low values.

3) Charge exchange reactions with ambient charged species.

4) Ionization of neutral atoms in the chemical release cloud by energetic particles. i.e.

radiation belt particles. It should be noted that the flux of these energetic particles

is larger than typical of zagnetospheric conditions during the interval shortly after a

ta,gnetosptheric substorm.

5) (:ollisional excitation and de-excitation processes.

,ome effort was spent in investigating the ipl)ortance of each of these processes. with the

-. view of either incorporating it in a theoretical (escription of the electrodynamics of the

chemical release event, or demonstrating that it could he safely neglected.

We note here for later reference, that the ionization potential for singly-ionized lithium

is I = 5.9 eV. A characteristic temperature then is I divided by Boltzmann's constant.

I/ 6.26 x 10"K. This is significantly higher than the temperatures characteristic of thc

chemical release reactions, T ' 5000K. Therefore. we cannot expect the initial lithium

in the release to be substantially completely ionize(d. however, a siall initial ionization

12
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'-- ~. fractilon, s~ay f -' . would be significanlt for the (1iimiet in of the cloud at early

Calculations were madle concerning the collisional ionization equilibrium of a cloud of

atOIllic Iliimi gas undergoing adiabatic expansion. It inight be expected that if expansion

l.; suifficiently rail(' c'ompared to time scales for the equilibration of the ionization fraction,

- - -that a sig'nifcanit level of ionization might be "frozen in- as, the dlensityv of the cloud

fals. oweer, it was found that detailed ionization equilibrium was mnaintained by a high

collision frequency uint il the a(llil)at ic expansion of the cloud had cooled the temperature

suifficiently that ionization was completely negligible (f ~< 10- )

A significant level of ionization miay arise, however, from "iechains- from the main

chemical reaction of the release, or as Intermediate chemical species which are "-quenched"

as the density of the cloud drops as the cloud expands. At present there dloes not seem

* - to be sufficient information available to reliably determine the contribution to the initial

ionization state of the chemical release clouid due to these mechiansinis!.

some theoretical attention was given to the problemi of recombination of lithium

ions an(1 electrons as a conipetingT process to their production by photoionization. Re-

~. ~'. combination coefficients of c(,:iiplex ions are dlominated1 by recaptuire, to high quantum

levels, which may To a good approximation be considlered1 to be hydrogen-like ( Oster-

brock 1974). We may then find that the total reconmbiniation for singly-ionized lithium is

o 2 x 10-i"cm}/sec. A characteristic time for reconiblinatiloll is then T, /ri where

ri, is the electron numnber density,. This imiplies t ham ri, 10'cmm is required for recoi-

h mat ion to be of a;my i gnificarce compa red to plot oioili/,atn i. At thlese high denisit ies.

col ilonal ioniittion eqjui briuin iniiit a iie over t 111 lca V chiaracterist ic of the ex-

pans ion of' the c heiiiic a release c loud. Tli is im tishat there is no pliysically sign ificanit

r egimie for a lcinical release event in the rilagnetosphiere. in which the balance lbetwveen

phot 01011izat ion and~ recomibinat ioni is of Iplys ical i n p rt a ice.

Oq%
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-" Ionization of lithium atonis by radiation belt particles was also consi dered. At the

altitudes contemplated for the CR.RES releases, after a magnetospheric subStorrni energetic

electron fluxes of a few x 107 electrons/cur - sr - sec in the energy range of 50 to 150 keV

'and fluxes - 10' electrons/cm• sr sec in the energy range of 150 to 500 keV (Pfitzer and

Winckler 1969). The cross sections for ionization by energetic electrons and for charge

exchange reactions (for *'energetic" protons. which have significantly smaller fluxes than

the electron fluxes cited above) are of the order of 10 i" cm2 or less (Eletsky and Smirnov

19SI1). These numbers indicate characteristic times for ionization of 108 sec. or more, and

-o these processes are certainly of no significance compared to photoionization.

A number of processes of potential significance for the ionization state of a magneto-

"i spheric chemical release have been studied. With the possible exception of the production

of charged species by chemical processes occuring during the release event, it has been

demonstrated that only photoionization from solar ultraviolet is a significant source of

ionization. Thus simple models of the ionization as given by Durn are appropriate. even

for diamagnetism calculations of very early times in the chemical release. The improved

understanding of the ionization within the chemical release developed by the calculations

of the dyiamics of the adiabatically expanding chemical release cloud, suggests ctrategies

-vj b which higher initial ionizations might be obtained.

:.::'
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Ill. Diarnagnetisni )f Chemical Release Clouds

Ill. A. Introduction - Qualitative Treatment Treatment of Dianiagnetic Cur-

rents
i. %

In this section we are concerned with the determination of the currents in the bound-

ary of the chemical release cloud which are physically responsible for tie diamagnetism

exhibited during the early stages of a chemical release. Since these currents are of possible

importance for production of plasma instabilities and because it is desirable to carefully

understand the decay of the diamagnetic phase of the chemical release. we shall give con-

siderable attention to this problem.

It is appropriate to begin with a treatment of the quasi-stationary problem. i.e. in

which the expansion velocity is not important. This is applicable as a first treatment

of the problem as the expansion velocity of chemical release events is much less than

the speed of light or of any characteristic plasma wave velocity. Therefore, the magnetic

..',:' field configurations obtained may be treated as quasi-stationary until a magnetic diffusion

tirne-scale is reached.

The objective is to determine a current distribution in the surface of the chemical release

cloud which will yield a net magnetic field within the volume of zero. The magnetic field

.. **a. exterior to the volume will also be distorted from its initial uniform state by the currents in

the diamagnetic volume. No exterior magnetic field will intersect the volume: the exterior

.magnetic field must be tangent to the surface of the chemical release cloud.

a-. \We shall approach the solution of this problem via a superposition technique. The

problem is reformulated as the determination of the current distribution in a shell in

empty space which yields a uniform magnetic field within the shell oppositely directed to

-. 2 the uniform background magnetic field in the final problem. The field produced is then

-.-. 15
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0-°

superposed on this uniform background. which produces a net mnagn,,tic field of zero within

the volume and some distorted field exterior to tlie volune and close to the chemical release

cloud.

,--.. Several avenues of attack on the determinat ion of the current distribution are possible.

Since the current (listribution will be axisyminetric about the direction of the unperturbed

magnetic field, it is natural to consider the current in the surface of the chemical release

cloud as being composed of the sum of a collection of "infinitesimaF ring currents, at least

for the purposes of numerical studie-. The problem then is to determine a set of current

values for rings distributed along the surface of the chemical release cloud which will

approximately produce the desired field. Another approach which was very successful was

le .~to determine the vector potential of a current distribution in terms of a spherical harmonic

_ * expansion. The former treatment in terms of elementary rings, is therefore included for its

theoretical interest and for the consideration of cases in which the chemical release cloud

is very flattened.

. %
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II1. B. Diaxitagnetic ('tirrenit Shell as a Sliperlpositiolt of (urrenit-Carrying

Rings

%%%" \X hall l)e coisidering an axisylnetric current-carrying shell centered at the origin

of a spherical coordinate zsteI. (r. 0. Q). The surface of the shell will be de cribed I)v a

curve a =(10). EachI of the current rings will be ('entered onl the 0 =0 line andl parallel to~

tile 0 = 7/2) plane. !Our treatment here follows .ackson 1962).j Initially consider a single

ring 'e'ntercd at the origin of T lie spherical coordinate. its current i given 1)v

'"a) (2)I-'. :.1 0 I 1 (Cos d')(2

-where 6 denotes the Dirac delta function, and I is the total current carrie(d by the ring.

The rectangular components of J are required for the cowmputation of the vector potential.

J=-Jo sin o'. J =J cos o, and the vector potential is then determined by

I1 j1fx (3)
"p. * J x'

: .:.: .A A (x ) = ___ -x -x 4' '

()wing to the axisyiiietrv of t he current (list riiut ion, we imay Choose our i)l)iIT of ol)her-

vation to lie in the xz plane. for purposes of this computation. Then the r componient of

t he vector potential van ishies. leaving AV- i.r.

r : x r, Jr i r 'ot ' ('t( o s O ')s ( r ' - i ( 4 )::!:,.4 r. 0 r,'. ,x4),,

I i ('re

[@4 6ix 'I ir r" 1- 2rr'(cos Oco. 0' +in0'n 0'co: ) 2

'. Integrating over the delta functions. we may ininiediatelv obtaini

Ia 2h COS CWd00) A(rO) = I3 )- 1'os(5)
r Jo (a2 + r2 - 2arsinOcos@')' 2

1.
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which can be expressed in terms of complete elliptic integrals of the first and second kind.

iK an(I E.
40 = 41a [(2 - O)K(/ -) -2E()6)

a2\fl + r 2 + 2arsinO k'

"*'.- where

' 4ar sin 0
(12 + r -+- 2 ursi

The component, of the magnetic field are then obtained from the definition. B - x A

expre.- (I in spherical coordinates.

I o
Br = (sin 0.4,)

Bo = - r (r.-4o) (7)

B, = 0

Explicitly evaluating the components of B in terms of derivatives of the vector potential as

expressed in equation (6) is extremely tedious, even with recourse to symbolic manipulation

routines, such as MACSYMA. A more practical approach used in the software contained in

the appendix, is to numerically differentiate equation (6), to obtain the desired components

of B. The contributions to the magnetic field of a collection of rings may be d(etermine(d

b utilizing the formulae of this section with appropriate traiilation of the coordinates of

the centers of the rings.

,.
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111. C. Ningietizatioit of at Ciirrexit-( arryin.- Shell

\e .liaill consiider a ctlrrelit-carrvin g shell w~hiic h is axi-s miletrnc ablouit thle (Iirect ion

of thet aliihienrt Iliagiletc t' eld exterior to( ti h( ell1. W\e wanit to (1(1erniiie a curret

dI-i-rIhliT loll III heI 11hell 'IeI~j that the mnagnetic field interior To the '-hell generatedI 1hv

-~~~ ~he cutrrollt i- un iformn and I ppo itely diirect ed to Thle iiiagneti fi eld( ext erior to the lolll

The net efthe upo super1'- v o IT loll of t le magnet1WC ic ehld, ext (nor toi the shiell and that

-enierated b tli\ cu (lrrenit iitrihitioui is to producce a Iero ilet iliagiietic field within tI(,

current-c arrv ing ~he .Thl Is the dliamiagnetic current dis: nibut ion which we' wish to

- dt erminlie. We ilia. v ew the shellI at p s'-singl sonme uniformn met izat ion. M.

01 \\~~e :niay cai late The v'ec tor po t enti al p roduiced by a given magnet izat ion [J ack',on

196211

M (x')\
A (x) - --- , dY. (S)

*Ini the case where the mnagnet -it onis (hue to a uniformly magnetized volume, the curl of

* the magnet I/a Io vsnneool onl the boundary of the volumie. and1 we obtain.

M~ (x')_i da'. (9)

wlhere i/a' Is aI u-1rface clenient of the --hell. arid fi is a unit normial. dirmect ed outward from tie

9 surfa ce. The quai ut it y. r M x im 0 rep~resenlts a surface c iirrent density onl t hie shiell . Equat loll

19 Is I~ aeneral re-u It a p plic able to an arb~itrary volutim bound1 (ed by ail orientali I rface.

W\e 'li all lIe COnICeIl it I axisvniimnetric surfaces. sinice it i , expected that thle chiemicalI

relea'se clould will be axisvtiiruiietrnc ab~out thle direct ion of' thle veoinagnet ic field.

Begin by onisidlering the c,-se, of a sphere. centered onl a sphieric'al coordhinat e svst ('iii

Then

(MN x if I, A' Ii 0'. o)

. .j
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The mnagnetization and the magnetic field are related b-, B M A. Without oss of

eneraiitV. weV mayI Choose ob~servat ions (for p~urposes of evaluating the integral in (9)) to

be miade in thle rs: plane. We then have that

4,,
-A 0 sin 0 K, (1

wvhere K is the surface current density. .Note that this surface current denisity is of the

samle form one would obtain by considering a sphere of radlius, a. with a charge Q uniformly

dlistributed on its surface. and rotating with tingular frequency Then the sraecurrent

denisitv is given byv

K -Q- ,i2ra) sin 0 Qse

i .e.

Mo ,.Q12 a. (12)

Since the observation point lies in the xz plane, only the y component of -(ii x M)

need he considered in the calculation of .40

A0 = Moa2 Jdf'n ' F s 0'1 (13

Note that here x' has spherical coordinates (a. 0'. W.)Ve may exp~and1 sin 0'cos o' ini teriiu-

of sphierical harmonics.

sin 'coso' 3\ R Y,.(0'.o'). (14)

*" d~(eflotes the real part of the quantity. N ow expand -~,in Sphlerical harmonics.

Employing the orthogality property of spherical harmionics, we see that only the 1 1

rri =I tern survives in the integrand. Also, r. m iin(r. a) and r miax( r. (1). and so we

may evaluate the integral for A,

.40(x) MNoa (r,- /r.2 sin 0. (16)

20
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We may immediately employ equation (15) for calculat ing the iiagnmetic field exterior to

the spherical shell. For r < a.

4 ,r
.40 - Alt0 rsi6n, (17a)

1 0 2 o4, 2
-'B,(r < a) si w (sin 0 - .) 0 r) = ( .\,co, U. (17h)r sinO 0 -

and

S0 -47r
B,(r < a) - Alor 2 sinO - 1 .\() sill0. (17r)

Equations (1 7b) and (1 7c) describe a uniform magnetic field B = BO;' - 1 .\1'i. For r > (i.

4-,, a'.4,(r > a) = - 2 sin0. (1Sa)

1 4- 2 87, (B,(r > a) = - (-\Io2 sin 2 0) = AI.\o, cosO. (18,)
r 7in id0 3 r

B1(r > a) = 1 , 47 a" 4r (1'
-BO-( >). -- sin 0) =3-Af 0 - sin 0. (18c)

r r .

Clearly equations (18b) and (18c) describe a dipole magnetic field exterior to the spherical

magnetized shell.

We can now consider the case of an arbitrary axisymmetric surface, which contains

some surface current density which cancels out the effect of the ambient magnetic field

within that volume. The surface is described by some curve a = a(0). The condition

that the surface current density is given by - = M × fi is still valid (where 4o is

a unit vector in the o direction). but in general fi will not he a radial vector, and so

TM x i$ 11( in 0 O . . The normal to the surface is given vy

I (oo . .. -O 2% --

and I 1 i may be computed using M = i 3 and that wv may ev;luate quantil es in

-y., the .r: plane.

a.'. M OaN" ' I X fi =(; . .. (i [6 6 Cos 0 - , sin ) I-&. × (i sin10 + i . c os0) 1\ 1 /afl 2~i 0a
-- --- cos0 -- sin 0 } ,. (19)

\ o alaaOy2 (dO
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Converting b)ack to spherical coordinates.

NI XXI i_ = - -1(1 s i-sno 20)
E ~~ + (oalado)2 Lo

It 1is apparent that t his formula exhiijts the correct limit ing behavior whenl a constanit.

The vector potential may no0w 1 ~ comxpultedl fromi

COS- 0~! i sin +' r~'jo- 0')
.4:,X -~(aa9

2 X (21)

*-k- iii the case Oh* a -phlral -he~ll. we hall W~ant to eXpandl The I, it ,gr;,ii d.

* ~~~ iii spherical harmonics. .As before. thle on ly (.' dlepenriee is co)]r a ine(i in T he COSa' termi.

and1 so only the m I termi survives the 'integration. III general. thle coefficients of the

.pherical harmnonic expansion xvIII have to be determinedI numieric ally unless, a 9) has -somie

utisual ly siple func tional formi.
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111. D. Colistructioil of a9 DyimtImiC Modlel of a (iiemiical Release Cloud(liii

the Diamagrietic Plinse

The calculations of thle previous sect biis lp'rtiaining To t lie elect rodlviaiiiics, of a c lieili-

ical release cl1oud( during the ilaiiet ic Iphaste of the expa ii-ion bei ~i converted Into it

* .. dv nlnica aIllodel Of tlihe ,Xpaiion suitable for !solit ion bN, nuicUiirica !cicliili a ju(

The pressure within the chemical release ('lomd miiv 1 itt ,tiiiiel to) it 1ll1t~tiV uiiformii

;111(1 t lit c loud ntarlv spheric a . if ai stitic iitl v-rI T1' adttltet fr Ilie iiodllmi'

At this tine t he config uration of the ambient niagiiet wl i ham*II~ h% Olv III Igtlie TIMg-

* ~~net Ost at ic boundary value problenm using the spheric id Imiaruoriic Ich 11it p Ie, d ex'elop eti In

previous sect ions. The Use of xagnTetost atic eqjuiattioiis is, apIproprua Ie fo r t Iil iplrolelti 111"e

* the exansion elocity of the chemical release c ]l is much slower Ili ai thle lot' ail A lf'veIl

* velocity'.

Once the configuration of the magnetic fields is known, the Max~well stress tensor uiax'v

be compluted1. This gives the effect of the magnetic stresses in opposing the expansion of

lie cieiical releasev ltutI. The anisotropic pressure of the magrnet ic field may be comibinecd

-withI the ai Sot rn ic pressure of the particle dlistribult ion ( e.y. a Li ts-toune tI ist ribt loll

Thi istflin rep re-et'mi the total anisotropic pressure tenisor act' ir the hieriica I release

C':01(tt1. Th i pre-lire tensor may be used withL the c loud normal to (let eruImie~ I lie iiet

pr r'actii n )it ii1irface element of' the cheiical release (c10ou(.

T Ii is irct 1 iiit tliei 1he (comipared wvith the gas pressure of the cloud, and the dvii niic

prer (rain prev ire (connec ted withI thle expanion of thle cloud to c'omnpute th lt'liet

itcecra t ioll ofia iri-ace vlemieiit of' I lie cloud. This is ust be dlone( as at fhinct ion Ot' 0 t( t a kt

lloaccou int Thle pos~ibi lit of anl an isotropic expa nlon of t he cloud. The acct-lera ti at of

thecludmaybeInegrated iii tiiie to tobtaiui a itu se ,t of locations of, urat tilriitl

t Of the cloud. The configimtra I otf th li' xterim a I Ii a giit ic fi t s 1 tei nt-eva ii atvt' In~
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the ula-rietostati b oun~dary vahinc problem and~ thbe CaIc u laTion p~roceeds further III thi

fahioii

I It imat clv the reiStlv it v ot' thle c loud permits d iffusion] of' t he miagnietic field HITO 0Ti)e

c Ilo11d. TlI i etfet t a ken Inito accounlt byComputing the resi.s v nry1~ neci ni

- t ep det10rmninetI hy lit, local p la~iiia IparaIincter-s and~ the surftac( current inl the (1 iamag;1IIeCtic

I)1aiiia C loi(l. whI i perilit- TIlie inlwar( itfiiuion of magnetic ihl.

1'2.
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Ill. E. G~eneral (Ciiside-raions1 onl thle Triggerinig of Plasmaii Iistitbilit jes; by

Djiiiia~xetic C~urrent s

(Ile of thIe M~OTivatilo~il for t it' It i1(% ()1t 1;1I ial4IiTWT Ic (lifl 111 i 4l tlI i Iil releat-.t' is t(eir

t'~.herole III the genieraio:i of' c irri tT -k r I\ I itIII p it I 1 ituI'! I 1 1 The ralIculionis of'

lie pre-vious sectlis have%- treateil the dIiiit Ii~oi i'i c itrr(,I T it I ii uI It -I Inl' lt Ii 1 iii c iirreliit

jieen. ill the houndlary of tlie ciitijia relea-ehc : III orilir Toi correc'ly a-e5The

othivof generatiloll ofcu1rrent-drivenI III'tahu1Ile-. IT it hti1) iwoccarv to olTaiii a more

a hvyic al l reasonable inits ore of the atct nal ci irrelit (len-. it ies as-oc iat 0(1 Withi the chleinlii

relea-.e evN-lt IT may;1 1e expec-ted that Thle d jalnlagneTic cunrrent wNill in it ially (early ill

the d ja~lgiet ic phiase be Carrie( II it layer with i a thlick Ie-I of r lie order of the elect ronl

inertjal engt. c where --p is The clectron pl asmia frequencyN wiic i 111111T he evaluated

for the cond~itionls at the Immned1iate iIIT erior of Thle ioiinilarv of' the shel1. The s'urface

cuirrent densities calculated In the 1)r('v i11I t x% -.% tlol. t oge tlif r vi t 'i i clitarac t erist ic

tickiiess will suffice to obta i it reasonable e-t IliaITe for the crreIi iiI-I T it arl v in t Ie

clieijicat release. Later in the dliamaneitic ihia ,e. it iliav he cNpvcTe,; I tT .11 thickiie,- (i

'ie crenlt-carryin' layer will increase, i ii,;!~e IC til ~~ ii ffie, !iiIh li iiCai

release, cloud. Therefore. The cuirrenit deii ,Ite- will dcrrat-( tor I !III 1a-.unol. it- %\ 1 ;-. their

decay dlie, to resistive losses.

T he generation of cilrr Tit-dJriven IT-itlitile Nhi ich iia\ he Icte )v racecrat III-

-trulijilIt III -pacc ext(Irior to the chemical release cloud rceuliirl"'atI la~- -(ill(, (it' the

iitetic tield line, froml the exterior plastnia 1eert h ueicl~a ui hi

peraitIII, to plasIuna iris taluili a-. geerte irectl I h te diV nIC it' u lit -it. There x'.Ill

iI,() lhe cuirrenits tlowiiig, iI 'liE cXterior piaillia. ats evidIeniced hx tli curl oft The extelrior

11 agneIt ic field.) Accori itgy . d etiIled I Itiliv of Th ni 1iagmot 1'TI "I"M coiictric, and cur-

remit densities Is requied Through The (e11d of' tHe dea(f1(1*i(iame i la.eo



cheinical release to fully undlerstandl the potential for generation of current-driven phtiit

inst abilitijes.
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III. F. Coiiiparisoii with the Results of the Tensor Virial Met hod

The tensor virial iiethod is an alternative approach towar(l treating the dynainics of a

cloud enibedded in it iiagnetize(l plasmiia. This approact, has been tudied by Parker [1957 i

and other workers.

Through the construction of appropriate virial equations, the magnetic stresses and

pressure distribution may be used to compute the second time derivative of the nlomxi(ents
of inertia of the cloud. Unfortunately. this method is analytically intractable except for a

few special cases, notably clouds which are internally homogeneous and whose boundaries

are ellipsoidal. Given these conditions. Parker has shown that the expansion of the cloud

is described by a sequence of ellipsoidal shapes which typically become mnorxe prlate with

time. (Evolution toward more oblate ellipsoids occures only when a tangled magnetic field

interior to the cloud is important.)

Although the tensor virial method is too analytically complex to allow treatment of a

reneral sort of expanding cloud, as might be produced by a chemical release experiment.

we can gain some useful results which will serve to guide numerical modeling. Notabl..

the tendencv of a cloud with no internal magnetic field expanding against a medium with
a strong magnetic field to become more prolate is shown in some detail. This iav be

expected to be an important feature of the CRRES releases if the diamagnetic phase

of the chemical release is sufficiently prolonged. Furthermore, this formalism may be

of sone utility in considerations of the process by which low altitude (i.r. ionospheric)

chemical releases are broken up into filamentary structure.. Detailed nuxmerical analy-e,

of the diamagnetic phase of chemical releases will be required, to furTher elticidaf, icsv,

quest ions.

k~4"t
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4 ~IV. Coxi1clusioris

The physical processes giving rise to diamagnetic currents early in a chemical release are

considered. Even for releases of lith'ium under niagnetospheric condlitions. as contemplatedI

for ('RRES. It may be expected that there will be a diamagnetic phase of duration of

app~roximlately 30 seconds. This diamiagnetic phase can be well studie~d owing to the close

proximity of CR11ES to the regions in which physically relevant processes will occur.

Mathemratical formialisms were developed for (detailed treatment of the diamagnetic

phase of the evolution of a chemical release cloud. Further work will Involve the decay of

the diamagnetic phase and treatment of the generation of plasma instabilities as a result

of the chemical release.
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